Industrial ventilation problems can be linked to the formation of thermal plumes that develop due to natural convection above various heat sources. These plumes, independent of the energy losses and thermal constraints caused, can also be the carrier of polluting products. This article describes an experimental study of the dynamic, thermal, and mass fields that develop from a hot rectangular (0.5 3 1.25 m) horizontal source. The metrology available allows the measurement of not only the local temperatures and velocities but also the concentration of a tracer gas (helium). Mathematical models have been developed enabling representation of the fields concerned; their characterization by isothermal, iso-velocity, or iso-concentration curves; calculation of the flow rate carried by the plume at a given height; calculation of the enthalpy transport; and so on. Moreover, a pollutant capture device has been introduced, and the measurement technique used allows the determination of various efficiencies of practical interest. The ratio of capture flow to free plume flow at a particular height appears to correlate well with the mean efficiencies obtained for distinct source temperatures.
INTRODUCTION
Numerous industrial processes use or generate hot sources. The release of heat is generally accompanied by increased airborne workplace pollutants potentially contributing to occupational disease among employees. Precise definition of the plumes of thermal sources formed by natural convection is required to accurately determine the size of ventilation installations (fume hood or air displacement ventilation system) intended to clean work environments.
In a fluid medium the density of which is dependent on the thermodynamic state, any source of heat will lead to the formation of a rising plume due to natural convection. This plume inevitably entrains air from the ambient surroundings, which leads to various gaseous, vaporous, or aerosol pollutants in solution or suspension. It is therefore of great practical interest to be able to characterize the development of a thermal plume.
An experimental method allowing a description of the plume developed above a two-dimensional thermal source is presented. Helium was injected as a passive tracer at the heat source surface level, thereby simulating the presence and transport of a pollutant.
The temperature, velocity, and pollutant concentration distributions in a horizontal cross section of the plume, measured by a set of thermocouples, thermoanemometric probes, or concentration sensors distributed in a matrix, were modelled by an elliptical Gaussian mathematical approximation. The method is illustrated for the characterization of the mass, dynamic, and thermal plumes generated by an adjustable rectangular source. The introduction of a pollutant capture hood above the thermal source allows the characterization of the plume obtained as well as the determination of capture efficiency using gaseous helium tracing.
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MATERIALS AND METHODS
The experimental set-up Figure 1 gives the principal characteristics of the experimental installation. The zone in which the plume will develop, with a base surface area of 4.8 Â 4.2 m 2 and a height of 5.6 m, is contained in a chamber the total height of which is 7.4 m. The lower surface of the chamber consists of a false perforated floor allowing ventilation, while air is evacuated at the upper zone through a false perforated ceiling. An air treatment unit is connected to the installation by four air-inlet ducts situated below the floor with a 0.40-m-diameter pipe. In the same manner, the air extraction system consists of three textile outlet pipes. The air treatment system includes an 18-kW cooling unit, a heating unit, and a ventilator. A control device allows adjustment of the ventilation flow rate between 2000 and 10 000 m 3 h À1 and the air-inlet temperature between 18°C and 25°C. The dimensions of the installation were deliberately made similar to those of industrial plants. When the installation is used to test thermal or velocity fields only, the system works as a closed-loop circuit, with reconditioning of the circulating airflow. Conversely, when the tracer is injected, to avoid a continuously increasing helium concentration, an open-loop mode must be used.
The thermal source
The thermal source is in the form a rectangular box with an upper horizontal surface that is heated. All parts are made from stainless steel, and a nickel coating was deposited on the external surfaces of each zone to minimize source radiation. Below the upper surface, resistors provide adjustable electric power. Platinum probes measure the surface temperature, which may be regulated by the operator. For practical reasons, the thermal source consists of two similar modules, each 1.50-m long and 0.25-m wide. Insulating material is placed under the resistors and also for the vertical surfaces of the thermal source supports, which are not heated. The upper surface of the source is located at a height of 0.75 m above the floor.
The capture hood
The base of the capture hood is made up of a 1.5 Â 1.5 m square, located above the thermal source at variable height. At a distance of 0.4 m below this hood is an articulated arm carrying the velocity, temperature, and concentration probes. The flow rate extracted by the hood can be adjusted by the operator and can be returned to the three outlet pipes.
Associated metrology
The metrological system is made up of 64 thermocouples and 16 thermoanemometric probes and allows the simultaneous measurement of velocity and temperature. These different sensors are fitted on a support made of carbon fibre rods so that they are all situated on a horizontal plane. The whole device may be moved in the x-, y-, or z-directions. Figure 2 , which is a top view of the device, indicates the x, y positions for the different probes.
Helium as passive tracer is injected at the hot surface level of the source.
The helium concentration measurements are taken by means of a measurement assembly consisting of the following three elements: a mass spectrometer set to the helium peak that delivers a continuous signal proportional to the helium concentration; a unit that ensures control of the samples and generation of the tracer; a computer that controls and records all the measurement parameters.
Four 1.80-m-long copper pipes with an internal diameter of 10 mm with eighteen 1-mm holes drilled 75 mm apart are used to generate the tracer helium on the thermal source. The feeder tubes are located parallel to the source, with the perforations oriented downwards in order to obtain maximum impact on the heated surface. Figure 3 presents a top view of the heated surface with the helium injection apparatus.
Visualization tests with fumigant showed that the distribution of the tracer flow rate on the heated surface is homogeneous from a qualitative point of view, but as the tracer is injected with a low non-zero velocity, a part of the flux must leave the heated surface and then be taken up by the air stream due to the ventilation flow rate.
The airflow rates in the ducts and the capture efficiency of local extraction devices are determined in conformity with NFX 10-141 and EN 1093-4 standards. The airflow rate Q a extracted by the hood and flowing in a duct is calculated by the equation:
The capture efficiency g of an exhaust system is defined as the ratio of the mass flow rate of the pollutant directly captured ð _ m e Þ to the mass flow rate of the pollutant emitted ð _ m e Þ:
The mean efficiency may be linked to the concentration measurements by:
where C 1 and C 1 9 are the mean concentrations of tracer in ambient conditions with no generation (before and after generation); C 2 is the mean concentration of tracer in the exhaust duct when it is generated therein (reference concentration); C 3 is the mean concentration of tracer in the duct when it is generated at the workstation and simulates pollutant emission (measurement in the work configuration).
Description of the model used
The initial works of Morton et al. (1956) and Morton (1958) highlighted self-similar solutions for the dynamic and thermal fields arising from a point source. The velocity w in the (vertical) z-direction and the temperature DT take the Gaussian form:
where r 5 (x 2 þ y 2 ) 1/2 designates the distance to the vertical axis of symmetry, the function b 5 b(z) is (termed) the 'dynamic radius', and k is the ratio of the thermal to dynamic radius.
The coordinate system is identical to that of Fig. 1 , with the z-axis upward, the origin situated at the point source. The expressions of w c (z) and DT c (z) bring into play the physical characteristics of fluid in motion, the thermal power P c produced by the source and also the entrainment coefficient. The hypotheses on which the existence of these solutions are based should be taken into account at this point: the plume is assumed to be axisymmetrical the viscous constraints are negligible in relation to the Reynolds constraints spatial functions depend implicitly on a constant entrainment coefficient.
The entrainment coefficient may be defined as follows:
where u designates the radial velocity component according to the hypothesis of Taylor. A moderate consensus exists regarding the values of a and of the k ratio:
See, e.g. Rouse et al. (1952) , Nakagome and Hirata (1976) , George et al. (1977) , Papanicolaou and List (1988) , and Kokofed and Nielsen (1997) . The coefficient a can be influenced by stratification phenomenon, which corresponds to a vertical temperature gradient or concentration at infinity (see Idehmani et al., 1996) . Similar solutions also exist regarding plumes coming from an infinite linear source, with the main results appearing in Bender (1979) . The vertical velocity component and the temperature divergence have a similar functional form as in equation (4), except that the distance to a vertical plane containing the linear source replaces r. The quantities w c and Experimental characterization of a plume of passive contaminant above a thermal source 741
DT c are quite different from those with z dependence corresponding to the case of the isolated source. The entrainment coefficients are difficult to compare. It should also be noted that in the case of a laminar plume, analytical, and numerical solutions have been proposed by Fujii (1963) and Gebhart et al. (1970) . On the whole, these solutions retain the Gaussian appearance given by the formulae of the turbulent case.
The solutions put forward for the turbulent case are considered as acceptable at a sufficient distance from the source, given that a real source has finite dimensions. The latter remark justifies the introduction below of a corrected term of virtual origin, which consists in substituting the z-coordinate by a quantity z À z v , where z v designates the vertical coordinate of a virtual origin. In general, |z v | is estimated as being of an order of magnitude of a characteristic length of the source (see Fontaine et al., 2006) .
Concerning our experimental rig, we are placed in an intermediate situation relative to the two theoretically known cases. As the aspect ratio of the thermal source is large, specifically equal to 3 (5length/ width), lines with equal temperature, velocity, or concentration will not be circles or straight lines. Nevertheless, at a distance above the thermal source, the effect of the sharp corners of the rectangular source become insignificant, leading to smoothly curved iso-quantities. We approximate these here as ellipses.
By choosing a reference frame whose origin coincides with the centre of the plume, the quantities of interest are expressed as follows: 
where the constants (k) permit ellipses of differing eccentricity while preserving orientation in the (x, y)-plane. As with the point or linear source, a and b may be functions of the height z. DC represents the tracer concentration. If the symmetry of the experimental set-up is slightly imperfect, the (x, y)-coordinates may be shifted or rotated slightly relative to the thermal source centre and boundaries. Insofar as the centres of the plumes and the main directions coincide for all heights z, which will be verified experimentally, the preceding equations lead to the following expression for the airflow Q carried by the plume at a fixed z-coordinate:
The net flow Q helium of the helium transported in the plume in the z-direction is given by the equation:
which is easily integrated to:
Similarly, the enthalmic flow P c is given by:
RESULTS AND DISCUSSIONS

Experimental configuration
The helium concentration measurements and the calculation of the capture efficiency in the ventilation cell were determined from the following experimental configuration: Results relative to the calculation of the helium concentration (without extraction hood)
Profile of the experimental concentration. The graphs in Fig. 4a ,b indicate variation in the helium concentration along directions x and y for a horizontal plane at z 5 2 m. Whatever the measurement plane, similar profiles can be observed for the concentration curves: a maximum value at the centre of the source and minimum values towards the edges. The helium concentrations are higher for the y , 0 values, possibly not only from a non-uniform tracer distribution but also perhaps because of a slight divergence from the centre of the plume.
From sets of 40 points in any horizontal plane, the parameter values of the elliptical Gaussian model are determined by means of a digital solver using a least-square type approach. Figure 5 shows that an acceptable level of conformity exists between the values measured and the predicted theoretical curve, shown as an unbroken line. It would be illusory to attempt to attain greater conformity, given the extent of the experimental errors inherent to the concentration measurements.
Representation of iso-concentration lines with the elliptical Gaussian model. Table 1 provides an example of the determination of the characteristics of the concentration plume (mass plume). Once the parameters of the elliptical Gaussian model are known, the lines of the helium iso-concentration can easily be plotted (see Fig. 6 ). In Fig. 6 , for each horizontal plane (1.25 m , z , 3.16 m), the coloured lines correspond to points for which the helium concentration is equal to DC(x 0 , y 0 )/e.
Generally speaking, the elliptical Gaussian model applied to the concentration field is characterized as follows.
There is hardly any divergence (12 cm along y and negligible along x) from the centre of the plume relative to the centre of the source. The main directions of the iso-concentration ellipses coincide with the directions of the axes of symmetry of the source. In the domain tested (0 , z , 3.16 m), the mass radius b, taken along the y-axis, increases linearly with height z, whereas the radius, a, taken along the x-axis, remains practically constant. The plume is stable from a spatial point of view.
Comparison of elliptical thermal, mass, and dynamic plumes for different measurement heights. Detailed results concerning the characterization of the dynamic and thermal fields for the configuration examined in this article are given by Blaise (2008) . Figures 6  and 7 show the iso-concentration, iso-velocity, and isothermal lines as a function of the z-coordinate. However, it should be noted that for practical reasons the experiments are limited to 1.25 m , z , 3.16 m for the concentration field, contrary to the other fields for which measurements are possible up to z 5 3.70 m. In Fig. 7 , for the coloured lines, the values of w or DT are, respectively, equal to w(x 0 , y 0 )/e and DT(x 0 , y 0 )/e.
In general, approach to a circular shape occurs in every case. For the source studied, the main directions of the various ellipses coincide with directions x and y, as was observed for the mass plume.
The dynamic plume occupies a larger part of the area located above the heat source compared to the two other plumes, which can be considered as quite close. Finally, the dimensional changes primarily occur in the direction of the y-axis.
Comparison of the dimensional parameters of the various plumes. Figure 8 shows parameters a and b as function of the vertical coordinate for each type of plume. For the concentration and temperature fields, the large half axis 'a' is very close, the dependence on z is very moderate, and the appearances are similar. For the dynamic plume, the values of large half axis 'a' are located above the preceding values as this plume occupies more space. For the second large half axis 'b', the variation appears to be much more pronounced. The variation is linear, as foreseen by the theories described in 'Description of the model used', which yields b 5 5/6az (case of an isolated source) or b 5 2ð ffiffiffiffiffi pÞ p :a:z; (case of an infinite linear source), where a is the entrainment coefficient defined in equation (5). These curves possibly allow an estimation of the virtual position of the origin. The lower values for the concentration plume may, at least in part, be attributed to helium losses taking place primarily along the large sides of the heat source.
Helium flow rate carried by the plume. Relationship (9) thus allows an estimation of the helium flow carried for a fixed z-coordinate (see Fig. 9 ). In theory, the mass of helium transported in the plume should be constant over the entire height, whereas here it is only constant from a height of 1.75 m above the source.
By taking a mean applying to each of the dimensions studied, we arrive at a helium flow rate Q He 5 4.79 Â 10 À5 m 3 s
À1
. Bearing in mind that the helium flow rate emitted at the source is (4.65 -0.19) Â 10 À5 m 3 s À1 , the quantity of helium transported is evidently overestimated by 3%. This slight overestimation is due to possible concentration measurement errors as well as to the approximation of the formula used previously.
In the graph above, the first and last points do not follow the general appearance of the curve; this can Experimental characterization of a plume of passive contaminant above a thermal source 743 be partly explained for the first point (at a height of 1.25 m above the source) by turbulence phenomena influencing the helium flow rate. Moreover, when z increases, the helium concentrations become lower, leading to growing uncertainties in the measurements. (Note: The gaseous helium tracer method is not optimal for evaluating capture efficiencies close to 100% on account of the background noise generated by the residual helium concentration in the air, which is $5 p.p.m. In this case, the use of SF 6 (sulphur hexafluoride absent in the air) as the tracer gas would be more appropriate.)
Results relative to the capture efficiency calculation (extraction hood present) The pollutant capture efficiency as a function of extraction flow rate. According to Fig. 10 , the capture efficiency g defined in 'Associated metrology' increases with the extraction flow rate, tending towards a maximum asymptotic value. This figure shows the flow rate value of the air carried by the plume for z 5 1.65 m (in the absence of a capture device), a height that corresponds to the position of the extraction hood. Naturally, for this flow rate, the efficiency is maximum.
The pollutant fractile capture efficiency as a function of extraction flow rate. Measuring the mean efficiency alone does not highlight fluctuations that may exist around this value when studying an extraction device. Indeed, the tracer emitted at the workstation circulates within a range of volumes that can reach the Also given is the rotation h and displacement x 0 and y 0 of the plume relative to the rectangular heat source (h 5 90°c orresponding to alignment with the source). 744 R. Devienne et al. upper airways of an operator prior to being taken up by the capture system. In these conditions, a mean efficiency g close to 100% can be measured while having high tracer concentration peaks at operator level. On account of response fluctuations, concentration C 3 should be calculated by averaging over a reasonable duration (.1 min). The statistical processing of signal C 3 allows the definition of concentration C 3 (95%). This is the value of C 3 that is exceeded for 95% of the specified measurement duration. This value enters into the calculation of the minimum capture efficiency defined by the following equation:
With the assumption of a Gaussian distribution of C 3 , C 3 (95%) can be determined from the mean value and the standard deviation of C 3 using the equation:
The 95% fractile efficiency (g 95% ) is therefore the value for which greater efficiency is observed 95% of the time. Generally speaking, the fractile efficiency is lower than the capture efficiency. Increasing this Experimental characterization of a plume of passive contaminant above a thermal source 745 fractile efficiency would allow better pollutant capture in the work environment and therefore correspondingly better protection of employees against hazardous substances and heat. Fractile efficiency depends on z in the same way as the capture efficiency, yet the values measured are lower (see Fig. 11 ).
The mean capture efficiency as a function of thermal source temperature. The temperature of the heat source and the mean capture efficiency at a constant extraction flow rate are closely linked. Indeed, the flow rate of the air carried by the plume is directly dependent on the power transferred by convection by the source and therefore its temperature.
In general, for a relatively low heat source temperature, the capture efficiency tends to move towards its asymptotic value much more quickly; for a heat source temperature of 100°C, the limit value is reached for an extracted airflow rate of 0.39 m 3 s
, whereas at 280°C the limit value is reached for an extracted airflow rate of 0.58 m 3 s
. Identical z dependence may be observed for the fractile efficiency according (Fig. 12) .
Modelling the efficiency curve as a function of the airflow extracted by the hood. The ratio r D of the airflow rate extracted by the hood to the flow rate of the plume appears to be a parameter allowing simple modelling of the mean capture efficiency. In Fig. 13 , the efficiency values are reported as a function of this ratio, the points corresponding to two source temperatures T s 5 100°C and T s 5 280°C grouped in a single curve that can be arrived at by the equation g 5 1 À exp Â 3:3r 2 D Ã , an approximation tested in the domain 0.3 , r D , 2.
CONCLUSION
This article presents the experimental characterization of the transport of a passive contaminant above a thermal source. The results show that the distribution levels of pollutant (helium) concentration, velocity, and air temperature are similar and can be approximated by elliptical Gaussian functions: in each horizontal plane, the iso-concentrations, the isovelocities, and the isotherms are ellipses. A capture hood was placed above the source at a given height. The capture efficiency of the device was determined by the helium gas tracer method. This represents the fraction of the tracer flow rate emitted at source level captured by the hood.
The flow rate of the air carried by the plume at a given height above the heat source appears to be a fundamental magnitude for the design and characterization of the performance of a capture system. Indeed, its efficiency is maximum as soon as the airflow rate extracted by the hood at a height z becomes equal to the airflow rate carried by the plume at the same height (r D ratio close to 1). For practical applications, the actual design of capture hoods should be based on the geometrical and dynamical characterization of the plume associated to the thermal process under investigation. These characterizations were obtained for simple generic thermal sources (cylinders and rectangles with different aspect ratios) in Blaise (2008) and will appear in a forthcoming publication. Our results should also be compared with the empirical formulae given in ACGIH (2004).
-1 Fig. 10 . The capture efficiency as a function of extraction flow rate for a given height.
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